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Background {#sec004}
==========

The concept of anxiety encompasses a series of defensive behaviors and neurophysiological responses that individuals present when faced with a potentially threatening situation. These responses are mediated by a set of neurocircuitries that have been shaped by natural selection because of their adaptive function in protecting the individual from danger \[[@pone.0236039.ref001]\]. However, these responses can represent a pathological condition when they occur in excess or disproportionally to the threatening situation without any apparent adaptive function \[[@pone.0236039.ref002]\]. Anxiety disorders are among the most prevalent mental disorders \[[@pone.0236039.ref003]\] and are mediated by neurocircuitries that underlie adaptive behavioral and neurophysiological responses \[[@pone.0236039.ref004], [@pone.0236039.ref005]\].

Several rodent models have been developed to investigate the possible etiological mechanisms that underlie anxiety disorders \[[@pone.0236039.ref006]--[@pone.0236039.ref009]\]. Among these, fear conditioning in response to contextual cues is a well-studied experimental model of the aversive expectations of danger that are observed in patients suffering from generalized anxiety disorder \[[@pone.0236039.ref010], [@pone.0236039.ref011]\]. Furthermore, considerable evidence indicates that contextual fear conditioning in rats involves neural circuitries similar to that associated with anxiety disorders in humans \[[@pone.0236039.ref012]--[@pone.0236039.ref014]\]. In this model, rodents receive brief footshocks (unconditioned stimuli) minutes after being placed in a novel chamber, and, when returned to the same chamber 24 h later, they present a typical freezing response to contextual cues associated with the footshocks \[[@pone.0236039.ref015], [@pone.0236039.ref016]\]. Employing a bidirectional selective breeding procedure, our group developed two lines of animals with high and low conditioned freezing responses in the contextual fear conditioning paradigm \[[@pone.0236039.ref017]\]. These lines are termed Carioca High- and Low-conditioned Freezing rats, respectively (CHF and CLF).

Over the last decade, several works have established the Carioca lines as an animal model for the study of anxiety related disorders. For instance, CHF rats display more anxious like behaviors than CLF rats in the elevated plus maze, less social interactions than normal animals, and higher plasma corticosterone concentrations compared to both CLF and CTL animals \[[@pone.0236039.ref018]--[@pone.0236039.ref020]\]. On the other hand, no behavioral differences were found between CHF and CLF animals in the forced swim test \[[@pone.0236039.ref018]\], suggesting a dissociation between anxiety and depression traits in the Carioca lines. Moreover, cognitive and memory performance of CHF and CLF rats both in the object recognition task and the Morris water maze test were similar to normal animals \[[@pone.0236039.ref018], [@pone.0236039.ref021]\].

The freezing response to contextual cues previously associated with footshocks observed in the Carioca lines has also been pharmacologically validated as an adequate model of anxiety disorders. We have recently demonstrated that classic anxiolytic benzodiazepines, such as midazolam reduces the amount of conditioned contextual freezing responses of CHF rats \[[@pone.0236039.ref022]\]. Similar results were observed with non-benzodiazepine anxiolytics, microinjections of ketaserin, a 5-HT2A/2C receptor antagonist, in the infralimbic mPFC cortex reduced the amount of freezing responses of CHF rats in the contextual fear conditioning paradigm \[[@pone.0236039.ref023]\]. Moreover, both systemic and infralimbic cortical injections of ketanserin increased the number of open arm entries and time spent in the open arms of CHF animals in the elevated plus maze \[[@pone.0236039.ref023]\].

According to these behavioral and pharmacological findings, it is likely that CHF and CLF rats display different neural activity patterns in response to contextual cues previously associated with footshocks. One way to explore this possibility is to evaluate changes in Fos expression in specific brain regions. Fos is an immediate early gene product that is synthesized in neurons through an increase in second messengers, such as cyclic adenosine monophosphate and calcium ions. Fos immunochemistry is a widely and well-established method employed to mark neuronal activity with high spatial resolution when rats are exposed to aversive stimuli \[[@pone.0236039.ref024], [@pone.0236039.ref025]\]. Thus, the present study performed Fos immunochemistry to investigate whether the CHF and CLF breeding lines exhibit different levels of neuronal activity in specific brain areas compared to control animals (CTL). Fos protein immunoreactivity was assessed in serial sections of different brain structures in CHF, CLF, and CTL animals after exposure to contextual stimuli that were previously associated with footshock. Here we hypothesized that CHF and CLF animals would display different Fos expression profiles in key regions of the anxiety brain circuitry when exposed to the aversive contextual cues.

Materials and methods {#sec005}
=====================

Animals {#sec006}
-------

All animals were bred in the animal facilities of the Psychology Department, Pontifical Catholic University (PUC-Rio), Rio de Janeiro, Brazil. We used male adult rats selectively bred for high (CHF, n = 10) and low (CLF, n = 10) contextual fear conditioning according to previously described procedures \[[@pone.0236039.ref017]\]. Non-selectively bred Wistar rats were used as a control group (CTL, n = 12). All animals were born and maintained in the colony room of the PUC-Rio Psychology Department under controlled room temperature (24°C ± 1°C) and a 12 h/12 h light/dark cycle (lights on 7:00 AM--7:00 PM). The rats were housed in groups of five to seven per polycarbonate cage (18 cm × 31 cm × 38 cm) according to their respective lines with food and water available *ad libitum*. The experiment was conducted during the light phase of the light/dark cycle. The rats were tested at 3--4 months of age and weighed 190-330g. The experimental procedures were performed in accordance with the guidelines for experimental animal research that were established by the Brazilian Society of Neuroscience and Behavior (SBNeC) and National Institutes of Health *Guide for the Care and Use of Laboratory Animals*. Animal handling and the methods of sacrifice were reviewed and approved by the Committee for Animal Care and Use of the Pontifical Catholic University of Rio de Janeiro (PUC-Rio) protocol no. 20/2009.

Apparatus {#sec007}
---------

The contextual fear conditioning protocol was conducted in four observation chambers (25 cm × 20 cm × 20 cm), each placed inside a sound-attenuating box. A red-light bulb (25 W) was placed inside the box, and a video camera was mounted on the back of the observation chamber to observe the animal's behavior on a monitor that was placed outside the experimental room. A ventilation fan that was attached to the box supplied 78 dB background noise (A scale). The floor of the observation chamber consisted of 15 stainless-steel rods (4 mm diameter) that were spaced 1.5 cm apart (center-to-center), which were wired to a shock generator and scrambler (Insight, São Paulo, Brazil). An interface with eight channels (Insight) connected the shock generator to a computer, which allowed the experimenter to apply an electric footshock. Ammonium hydroxide solution (5%) was used to clean the chamber before and after each subject.

Procedure {#sec008}
---------

The contextual fear conditioning procedure consisted of an acquisition and a test session. During acquisition, each animal was placed in the observation chamber for 8 min. At the end of this period, three unsignaled 0.5 mA, 1 s electric footshocks were delivered with an intershock interval of 20 s. Three minutes after the last footshock, the animal was returned to its home cage. The contextual fear conditioning test session was conducted approximately 24 h after training. This test consisted of placing the animal for 8 min in the same chamber where the three footshocks were delivered the previous day. No footshock or other stimulation occurred during this period.

Fos protein immunochemistry {#sec009}
---------------------------

Two hours after the conditioned fear test (i.e., the interval that is required for the synthesis and accumulation of Fos protein; \[[@pone.0236039.ref026]\]), the animals were deeply anesthetized with an overdose of urethane (1.25 g/kg, intraperitoneal; Sigma-Aldrich, St. Louis, MO, USA) and intracardially perfused with 0.1 M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M PBS (pH 7.4). The brains were removed and stored in 30% sucrose in 0.1 M PBS for cryoprotection. The brains were then frozen in isopentane (-40°C) and sliced in a cryostat (-19°C). As described in our previous studies \[[@pone.0236039.ref027]--[@pone.0236039.ref029]\], coronal 40 μm cryostat sections were collected in 0.1 M PBS and subsequently processed free-floating according to the avidin--biotin system using the Vectastain ABC Elite peroxidase rabbit IgG kit (Vector, USA). All reactions were carried out under agitation at 23±1°C. The sections were first incubated with 1% H~2~O~2~ for 10 min, washed four times with 0.1 M PBS (5 min each), and incubated overnight with rabbit polyclonal primary IgG against Fos (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The next day, the sections underwent a series of three 5-min washes and were then incubated for 1 h with secondary biotinylated anti-rabbit IgG (H+L; Vectastain, Vector Laboratories). After another series of three washes in 0.1 M PBS (A and B solution, ABC kit, Vectastain, Vector Laboratories), the sections were incubated for 1 h with the avidin-biotin-peroxidase complex in 0.1 M PBS and then washed again three times in 0.1 M PBS. Fos immunoreactivity was revealed by the addition of the chromogen 3,3'-diaminobenzidine (DAB; 0.02%, Sigma, St. Louis, MO, USA) to which 0.04% hydrogen peroxide was added before use. Finally, the sections were washed twice with 0.1 M PBS.

Tissue sections were mounted on gelatin-coated slides and dehydrated, and Fos-positive neurons were counted by bright-field microscopy (Olympus, BX-50, 100× magnification, coupled to a Leica DFC320 video camera. The anatomical localization of Fos-positive cells was determined based on the Paxinos and Watson \[[@pone.0236039.ref030]\] stereotaxic rat brain atlas. The images were scanned and analyzed using ImagePro Plus 6.2 software (Media Cybernetics, Bethesda, MD, USA). The system was calibrated to ignore background staining. All brain regions were counted bilaterally (7--12 animals per region), and the mean was calculated for each structure. [Fig 1](#pone.0236039.g001){ref-type="fig"} shows the anterior-posterior section coordinates of the studied brain structures.

![Schematic diagrams, adapted from the atlas of Paxinos and Watson \[[@pone.0236039.ref030]\], showing the 20 areas (highlighted in green) where Fos expression was quantified.\
Medial orbital cortex (MO), prelimbic cortex (PL), infralimbic cortex (IL), anterior cingulate cortex---subregion 1 (CG1), anterior cingulate cortex---subregion 2 (CG2), secondary motor area (M2), lateral septal nucleus (LS), septohippocampal nucleus (SH), medial septal nucleus (MS), paraventricular hypothalamic nucleus (PVN), ventromedial nucleus of the hypothalamus (VMH), dentate gyrus (DG), central amygdaloid nucleus (CeA), basolateral amygdaloid nucleus (BLA), ectorhinal cortex (EC), perirhinal cortex (PR), entorhinal cortex (ET), dorsal periaquedutal gray matter (PAGd), ventral periaquedutal gray matter (PAGv), and locus coeruleus (LC). Values under each diagram are bregma references.](pone.0236039.g001){#pone.0236039.g001}

Statistical analysis {#sec010}
--------------------

The data are presented as mean ± standard error of the mean (SEM). A one-way analysis of variance (ANOVA) was employed to analyze the percent of time freezing among the CTL, CHF, and CLF animals during test session. In order to analyze the Fos-positive cells results among the three animal groups, a one-way ANOVA was also conducted separately for each defined brain region. When statistical significance (p\< 0.05) was obtained with an ANOVA, the Fisher's Least Significant Difference (LSD) post-hoc test was used to assess specific group differences.

Results {#sec011}
=======

[Fig 2](#pone.0236039.g002){ref-type="fig"} shows the mean ± SEM percentage of time spent freezing among CHF, CLF, and CTL animals during the 8 min contextual fear conditioning test session 24 h after training. The one-way ANOVA indicated a significant difference among the three groups in conditioned freezing in response to contextual cues that were previously associated with footshock (*F*~2,35~ = 37.53, *p* \< 0.001). The CHF line exhibited the highest conditioned freezing, and the CLF line exhibited the lowest conditioned freezing. The CTL line exhibited an intermediate level of freezing. This interpretation was confirmed by pairwise *post hoc* comparisons. CHF rats froze more than CTL and CLF animals, and CLF rats froze less than CHF and CTL animals (*p* \< 0.001 for all comparisons).

![Mean ± SEM percentage of time spent freezing in Carioca high freezing (CHF, n = 10), Carioca low freezing (CLF, n = 10), and control (CTL, n = 12) rats.\
Graph depicts freezing responses 24 h after exposure to contextual cues that were previously associated with footshocks. Fisher's LSD post-hoc tests, \**p* \< 0.001 for all comparisons.](pone.0236039.g002){#pone.0236039.g002}

[Fig 3A and 3B](#pone.0236039.g003){ref-type="fig"} shows the Fos expression smong the CTL, CHF, and CLF animals in different brain structures after exposure to contextual cues that were previously associated with footshock. Statistically significant differences among groups were observed in the prelimbic cortex (PL; *F*~2,22~ = 17.92, *p* \< 0.001). Pairwise comparisons revealed a decrease in PL Fos expression in both CHF and CLF rats compared to CTL rats, although Fos expression was higher in CHF animals than in CLF animals (all *p* \< 0.05). The one-way ANOVA also revealed a significant difference in subregion 1 of the anterior cingulate cortex (CG1; *F*~2,27~ = 3.42, *p* \< 0.05). CLF animals exhibited an increase in Fos activity in the CG1 compared to CTL animals (*p* \< 0.05). The lateral septum (LS) and medial septum (MS) presented statistically significant differences in Fos expression (LS: *F*~2,22~ = 14.26, *p* \< 0.001; MS: *F*~2,23~ = 6.93, *p* \< 0.001). While pairwise comparisons revealed an increase in Fos expression in the LS only for CHF animals compared to controls (*p* \< 0.05), a decrease in Fos expression in the MS as observed in both CHF and CLF rats compared to CTL (all *p* \< 0.05). The one-way ANOVA indicated that the paraventricular nucleus of the hypothalamus (PVN) also presented a significant difference in Fos expression (*F*~2,22~ = 9.51, *p* \< 0.001). Pairwise comparisons indicated an increase in Fos expression in the PVN in CHF rats compared to CTL rats and a decrease in Fos expression in CLF rats compared to CTL animals (all *p* \< 0.05). The number of Fos-expressing cells in the dentate gyrus (DG) was also significantly different among groups (*F*~2,23~ = 3.88, *p* \< 0.05). *Post hoc* analyses indicated that Fos expression in CHF and CLF animals were lower compared to CTL animals (all *p* \< 0.05). Fos cell counts in the basolateral amygdala (BLA) were also significantly different among groups (*F*~2,27~ = 8.47, *p* \< 0.001). When cell counts were compared between groups, CLF animals exhibited significantly lower Fos expression compared to CTL animals (*p* \< 0.05). The one-way ANOVA of Fos expression in the perirhinal cortex (PR) indicated significant differences among groups (*F*~2,26~ = 6.44, *p* \< 0.01). *Post hoc* comparisons revealed an increase in Fos expression in CLF animals compared to CLT animals (*p* \< 0.05). Finally, an overall difference in Fos expression was observed in the locus coeruleus (LC) among groups (*F*~2,27~ = 3.56, *p* \< 0.05). Pairwise comparisons indicated an increase in LC Fos expression in CHF rats compared to CTL rats (*p* \< 0.05). No other significant differences were found. Examples illustrating the observed differences in Fos expression between groups are depicted in Figs [4](#pone.0236039.g004){ref-type="fig"} and [5](#pone.0236039.g005){ref-type="fig"}.

![(A-B) Fos expression in different brain structures of Carioca high freezing (CHF), Carioca low freezing (CLF), and control (CTL) animals 2 h after exposure to contextual cues that were previously associated with footshocks (7--12 animals per region per group). (A) Mean Fos expressions (positive neurons/0.1 mm^2^) between groups for each brain structure are presented as a heatmap. Changes in color from blue to red on the pseudo-color scale represent mean values of Fos-positive neurons/0.1 mm^2^ ranging from 0 to 100 (please see [S1 Table](#pone.0236039.s001){ref-type="supplementary-material"} for mean and ± SEM values). The \< and \> signs indicate whether Fos expression in CHF, CLF, and CTL animals for a particular brain region was significantly smaller or greater compared to each other, and ns indicates the absence of statistical differences. (B) Bar graphs showing the mean (± SEM) number of Fos-positive neurons/0.1 mm^2^ in CHF, CLF and CTL groups for brain regions that displayed significant differences in Fos expression depicted in A (structures marked with an asterisk). Fisher's LSD post-hoc tests, \**p* \< 0.05 for all comparisons.](pone.0236039.g003){#pone.0236039.g003}

![(A-O) Representative photomicrographs of coronal sections showing Fos immunoreactivity in brain regions that displayed significant differences in Fos expression between groups in [Fig 3](#pone.0236039.g003){ref-type="fig"}. (A, D, G, J, and M) Carioca high freezing (CHF), (B, E, H, K, and N) Carioca low freezing (CLF), and (C, F, I, L, and O) control (CTL) rats. (A-C) PL, prelimbic cortex; (D-F) CG1, anterior cingulate cortex---subregion 1; (G-I) LS, lateral septal nucleus; (J-L) LC, locus coeruleus; (M-O) MS, medial septal nucleus. Dashed lines demarcate the presumptive boundaries of studied brain regions. All images were taken at ×40 magnification.](pone.0236039.g004){#pone.0236039.g004}

![(A-L) Representative photomicrographs of coronal sections showing Fos immunoreactivity in brain regions that displayed significant differences in Fos expression between groups in [Fig 3](#pone.0236039.g003){ref-type="fig"}. (A, D, G, and J) Carioca high freezing (CHF), (B, E, H, and K) Carioca low freezing (CLF), and (C, F, I, and L) control (CTL) rats. (A-C) DG, dentate gyrus; (D-F) BLA, basolateral amygdaloid nucleus; (G-I) PR, perirhinal cortex; (J-L) PVN, paraventricular hypothalamic nucleus. Dashed lines demarcate the presumptive boundaries of studied brain regions and solid lines in (G-I) indicate white matter. All images were taken at ×40 magnification.](pone.0236039.g005){#pone.0236039.g005}

Discussion {#sec012}
==========

As expected, CHF, CTL, and CLF animals exhibited different levels of defensive freezing behavior that was induced by stimuli that were contextually associated with footshock on the previous day. These results indicated that our breeding protocol effectively produced different levels of freezing and confirmed that CHF animals had a higher anxious phenotype and CLF animals had a lower anxious phenotype when both breeding lines were compared to CTL animals \[[@pone.0236039.ref031]\]. Our results indicate that both CHF and CLF animals exhibited clear differences in Fos immunoreactivity in certain brain structures compared to randomly selected CTL animals.

Fos expression is well stablished as a marker of neuronal activity (for a review, please see \[[@pone.0236039.ref032]\]), yet some important issues should be considered when interpreting functional mapping data based on this technique such as sample size, number of comparisons between groups, stimulus strength, time after stimulus, and potential interference from other intrinsic factors, like physiological noise \[[@pone.0236039.ref033]--[@pone.0236039.ref040]\]. Another issue worth mentioning relates to the fact that, in the current study, comparisons in Fox expression were not made to Fos-expression levels observed in animals exposed to a new context and/or to naïve animals. Although these would be valuable additions, taking into account the already stated factors that should be weighted when conducting Fos immunoreactivity, we opted to only use, as a control group, animals that were exposed to the same Fos triggering stimulus (i.e. behavioral response to contextual cues previously associated with footshocks). Moreover, along this line of thought, CHF and CLF samples were from rats that had clear and similar levels of high and low freezing responses, respectively (please see ± SE of freezing percentage in [Fig 2](#pone.0236039.g002){ref-type="fig"}). In any case, this study is an initial step towards characterizing neural activity changes across multiple brain regions of the Carioca lines in response to contextual fear memories. Future studies are needed to further explore this relationship using Fos immunochemistry, as well as other techniques commonly applied to study neuronal activity.

Fos expression in CHF animals {#sec013}
-----------------------------

An increase in neuronal activation in the PVN was observed in CHF animals when compared to CTL rats. This result is consistent with two other studies that also found an increase in Fos expression in the PVN in another breeding line of rats with high anxiety-like behavior (HAB rats) that were selected based on a low number of open-arm entries in the elevated plus maze \[[@pone.0236039.ref041], [@pone.0236039.ref042]\]. The PVN is the main neural structure that is responsible for regulating hypothalamic-pituitary-adrenal (HPA) axis responses to different types of aversive stimulation \[[@pone.0236039.ref043]--[@pone.0236039.ref045]\]. Previous studies from our group indicated that CHF animals that were exposed to contextual cues associated with footshock exhibited an increase in circulating serum corticosterone levels compared to CTL and CLF animals \[[@pone.0236039.ref021], [@pone.0236039.ref046], [@pone.0236039.ref019]\]. Therefore, our findings indicate that CHF animals exhibit overactivation of neurocircuitries that are responsible for controlling the HPA axis neuroendocrine response to aversive stimuli.

Supporting this result, CHF animals also exhibited an increase in neuronal activity in the LC, the main source of the LC-norepinephrine (LC-NE) system. This system sends wide excitatory projections to different brains structures, including significant connections to PVN \[[@pone.0236039.ref047], [@pone.0236039.ref048]\], indicating a possible excitatory role for the LC-NE system in the HPA axis response \[[@pone.0236039.ref049]\]. The LC-NE system also plays a central role in autonomic regulation through direct projections to sympathetic preganglionic neurons in the brainstem and spinal cord \[[@pone.0236039.ref047]\]. These results suggest that CHF animals might also present an imbalance between sympathetic and parasympathetic branches of the autonomic nervous system and the HPA axis. Several studies indicate that generalized anxiety activates both the HPA axis and sympatho-adrenal axis \[for review, see [@pone.0236039.ref050]\]. Finally, the LC is also responsible for vigilance arousal activation in response to potentially dangerous stimuli. The disproportional activation of this area may play an important role in the etiology of several anxiety disorders \[[@pone.0236039.ref051]\].

The septal area is a heterogeneous structure that can be divided into the LS and MS (or diagonal band of Broca nuclei). Each of these areas has behavioral, anatomical, and neurochemical specificities \[[@pone.0236039.ref052]--[@pone.0236039.ref055]\]. Behavioral and autonomic evidences indicate that both the LS and MS play a critical role in behavioral, autonomic, and neuroendocrine responses to stress \[[@pone.0236039.ref056]\]. For example, LS lesions decreased and MS lesions increased conditioned freezing in response to contextual cues that were associated with footshock \[[@pone.0236039.ref057]\]. This behavioral dissociation between the LS and MS in contextual fear conditioning is consistent with the present results. This study found that CHF animals exhibited an increase in Fos expression in the LS and a decrease in Fos expression in the MS. Inhibition of the LS was also shown to reduce contextual fear conditioning, cardiovascular responses and arterial pressure \[[@pone.0236039.ref056]\] that were induced by reexposure to the aversively conditioned context, suggesting an important excitatory role for the LS in behavioral and autonomic response control in contextual fear conditioning. However, other studies that investigated the role of the LS in neuroendocrine regulation reported findings that were in the opposite direction. Excitotoxic lesions of the LS increased ACTH and corticosterone levels and Fos expression in the PVN in rats that were exposed to the forced swim test \[[@pone.0236039.ref058]\], suggesting that the LS might play an inhibitory role in the HPA axis response. A possible explanation for this discrepant result might be the fact that different subregions of the LS have opposite influences on the HPA axis. The ventral portion of the LS (vLS) might be responsible for increasing different aspects of fear responses, and the rostral portion of the LS might be engaged in inhibiting defensive responses \[[@pone.0236039.ref059]\]. Therefore, the increase in Fos expression in the LS in CHF animals might be restricted to the vLS, which has direct excitatory projections to the PVN \[[@pone.0236039.ref060]\].

Both MS and DG neurons had low Fos expression in CHF animals compared to CTL animals. The MS sends excitatory projections to the DG via the fimbria-fornix \[[@pone.0236039.ref061], [@pone.0236039.ref062]\]. The DG is well known to contribute to glucocorticoid-induced feedback inhibition of the HPA axis to avoid excessive neuroendocrine activity in response to aversive stimuli \[[@pone.0236039.ref043]\]. For example, animals that were exposed to aversive stimuli exhibited a decrease in glucocorticoid receptor (GR) expression in the DG, which in turn increased neuronal activity in the PVN and HPA axis \[[@pone.0236039.ref063]\]. Another study selected rats for high (HR) and low (LR) conditioned freezing responses in the contextual fear conditioning paradigm and found that HR rats had lower GR expression levels in the DG \[[@pone.0236039.ref064]\]. A previous study from our group indicated that CHF animals had fewer newborn neurons (i.e., neuroblasts) in the DG, together with decreases in the number and length of tertiary dendrites \[[@pone.0236039.ref021]\]. Therefore, an increase in DG neuronal activity in CHF animals might blunt the inhibitory role of the DG in PVN neuron activation, thus producing an exaggerated HPA neuroendocrine response to threatening stimuli.

Surprisingly, CHF animals exhibited a decrease in Fos expression in the PL compared to CTL animals. Several studies indicated that the PL is responsible for the acquisition and expression of conditioned fear \[[@pone.0236039.ref065]--[@pone.0236039.ref069]\]. However, the PL also appears to play an inhibitory role in the HPA axis. For example, PL stimulation resulted in a decrease in Fos expression in the PVN and reductions of ACTH and corticosterone responses in animals that were exposed to restraint stress \[[@pone.0236039.ref070]\]. Therefore, the reduction of neuronal activity in the PL in CHF animals in the present study might also be associated with a decrease in the activation of neurocircuitries that are responsible for inhibiting neuroendocrine responses of the HPA axis. The PL does not project directly to the PVN \[[@pone.0236039.ref071]\]. Therefore, the inhibitory influence of the PL on the HPA axis may be mediated by excitatory projections to the DG.

Fos expression in CLF animals {#sec014}
-----------------------------

CLF animals were selectively bred for low contextual fear conditioning. Therefore, we expected to observe a decrease in the activity of neurocircuitries that are involved in this type of learning. In the present study, CLF animals exhibited hypoactivity of the PVN compared to CTL animals. This result supports the notion that our two bidirectional line of animals have opposite neuroendocrine dysregulation of the HPA axis. However, the neurocircuitry that modulates the activity of PVN neurons appears to be different between CHF and CLF animals. The amygdala plays a pivotal role in neurocircuitry that is involved in contextual fear conditioning \[[@pone.0236039.ref072]--[@pone.0236039.ref074]\]. Among the different amygdaloid nuclei, the BLA appears to be the main neural substrate of contextual fear conditioning \[[@pone.0236039.ref075], [@pone.0236039.ref076]\]. For example, neurotoxic lesions of the BLA abolished conditional freezing in response to contextual cues that were previously associated with footshock \[[@pone.0236039.ref077]--[@pone.0236039.ref080]\] and inhibited HPA activity in both acutely and chronically stressed animals \[[@pone.0236039.ref081]\]. Indeed, evidence indicates that the involvement of neural activation of the BLA during aversive learning depends on HPA activity. Accordingly, an infusion of a glucocorticoid receptor agonist in the BLA after training enhanced the acquisition of aversive memories, whereas a glucocorticoid receptor antagonist impaired the acquisition of aversive memories \[[@pone.0236039.ref082]--[@pone.0236039.ref084]\]. In the present study, in contrast to CHF animals, CLF animals exhibited a reduction of activation of this amygdaloid nucleus compared to CTL animals. The BLA sends excitatory projections to the PVN \[[@pone.0236039.ref045]\]. Therefore, the BLA might be less able to modulate the function of the PVN in CLF animals, with a consequent decrease in HPA axis activity during aversive learning.

Low Fos expression was also observed in the PL in CLF animals compared to CTL animals. This result is consistent with the view that CLF animals exhibit a reduction of activation of the neurocircuitry that is responsible for contextual fear conditioning. As discussed above, neurons in the PL play an excitatory role in conditioned fear behavior. Immunochemistry indicated that the PL exhibits greater activation when animals are reexposed to contextual cues that are previously associated with footshock \[[@pone.0236039.ref085]\]. Moreover, pharmacological inhibition of the PL reduced the expression of conditioned fear \[[@pone.0236039.ref086]\]. The PL sends descending excitatory projections to the BLA \[[@pone.0236039.ref087]\], which likely contributed to the decrease in BLA activity in CLF animals.

In the present study, Fos expression increased in the CG1 region of the ACC and the PR in CLF animals compared to CTL animals. An increase in neuronal activity in the CG1 was also found in LAB rats \[[@pone.0236039.ref088]\]. A study of rats that were selected for high (HR) and low (LR) conditioned freezing responses in the contextual fear conditioning paradigm found that LR rats exhibited an increase in GR expression in the CG1 region \[[@pone.0236039.ref064]\]. Lesions of the ACC, including the CG1 region, increased plasma levels of both ACTH and corticosterone following restraint stress, indicating an inhibitory role of these neurons in HPA activity \[[@pone.0236039.ref089]\]. Indeed, there are inhibitory projections from the ACC to the PVN \[[@pone.0236039.ref090]\]. Thus, the increase in neural activity in the CG1 region in CLF animals might have resulted in intensification of the inhibitory influence of the CG1 on neural activity in the PVN, thus resulting in a decrease in HPA axis activity.

Fos immunochemistry also revealed that CLF animals exhibited higher activity in the PR. The PR is a high-order associative area that combines different sensory modalities to integrate and represent polymodal information. It plays an important role in processing complex stimuli, such as contextual cues \[[@pone.0236039.ref091]--[@pone.0236039.ref093]\]. The PR and BLA appear to play opposite roles in stimulus processing during contextual fear conditioning \[[@pone.0236039.ref094]\]. The BLA neurons are activated when the context is dangerous, whereas the PR is activated when the context is safe. This dissociation between the BLA and the PR according to the emotional significance of contextual cues may be mediated by the CG1. This region also plays a major role in information processing, assigning emotional valence to external stimuli \[[@pone.0236039.ref095], [@pone.0236039.ref096]\]. The CG1 sends direct excitatory projections to the PR \[[@pone.0236039.ref097], [@pone.0236039.ref098]\] and direct inhibitory projections to the BLA \[[@pone.0236039.ref099]\]. Accordingly, the greater activity of CG1 neurons in CLF animals may contribute to the lower activity of BLA neurons and greater activity of PRC neurons.

Such high neural activity of the PR in CLF animals might indicate an overload of multisensorial information processing, a characteristic that may be involved in attention-deficit/hyperactivity disorder (ADHD). A further support to the proposition that CLF rats could be an animal model of ADHD is the fact that children with a diagnosis with ADHD have an underactivity of the stress system \[[@pone.0236039.ref100]\]. For example, preschool children with a diagnosis of ADHD were reported to have hypoactivity of the HPA axis \[[@pone.0236039.ref101]\]. Therefore, the excessive reduction of contextual fear conditioning in CLF animals coupled with the high activity of the PR and low Fos expression in the PVN may represent an animal model of this pathological conditioning. In accordance with this possibility, a research group at the Max Planck Institute of Psychiatry (Munich, Germany) developed a mouse model of extreme trait anxiety, based on selective breeding for low, normal, and high open-arm exploration in the elevated plus maze. Pharmacological and behavioral results indicated that genetically selected low anxiety-related behavior might indeed represent an animal of ADHD \[[@pone.0236039.ref102], [@pone.0236039.ref103]\].

Conclusions {#sec015}
===========

Several brain structures are involved in behavioral and neurophysiological defense systems that are responsible for adapting an individual to threatening situations. The aim of the present study was to identify significant changes in brain structures in our bidirectional lines of animals that were selected for high (CHF) and low (CLF) freezing in response to contextual cues that were previously associated with footshock. Based on high and low Fos expression in various brain structures in the present study, we propose that our two bidirectional lines exhibit different neural activation patterns that have opposing influences on the PVN. Two pathways might be responsible for high PVN activity in CHF animals. One pathway is associated with an increase in excitatory projections that the PVN receives from the LC and LS. The LC might also activate the sympathetic autonomous system. The other pathway might be associated with a decrease in inhibitory projections that the PVN receives from the DG, which in turn receives projections from the MS and PL. Two other pathways might mediate the decrease in neuronal activity in the PVN in CLF animals. One of the pathways may be associated with a decrease in the activation of structures that are important for contextual fear conditioning, such as the BLA, which sends excitatory projections to the PVN and receives excitatory projections from the PL. The other pathway may be related to the increase in neural activity of the CG1, which sends inhibitory projections to both the BLA and PVN and excitatory projections to the PR. These proposed neurocircuits suggest that both lines might exhibit dysfunctional responses of the HPA axis, the main neuroendocrine system that is involved in the maintenance of homeostasis after exposure to stressful stimuli.

Supporting information {#sec016}
======================

###### Mean (± SEM) number of Fos-positive neurons/0.1 mm^2^ in control (CTL), high (CHF), and low (CLF) breeding lines of rats in different brain structures after exposure to contextual cues that were previously associated with footshock (7--12 animals per region).

(DOCX)

###### 

Click here for additional data file.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: In this article, Leon et al examined neuronal activity patterns in selectively bred Carioca High and Low-Freezing rats that exhibited high and low freezing responses, respectively, in response to exposure to a fear-associated context. To that end they performed Fos immunohistochmesitry in a vast array of brain areas that were relevant to fear and anxiety responses including areas such as limbic cortices, hypothalamic and brain stem structures. The authors found differential Fos expression several brain areas between these two rat lines following fear context exposure, such as Fos expression in the opposing direction in the paraventricular nucleus of the hypothalamus (PVN) compared to controls. The authors speculate that in these rat lines, the differential recruitment of limbic brain areas result in opposing PVN activity, which gives rise to differences in conditioned fear responses.

In general, these are interesting findings that shed light on how various limbic brain areas are recruited to control fearful behaviours. The manuscript is clearly written and is easy to follow. Their Fos findings are discussed with regards to the known behavioral roles of the examined brain areas as well as the neuroanatomical connections with the existing literature.

General:

-Please provide page and line numbers. It makes it easier for the reviewer to communicate where certain changes have to be made.

Methods:

-It says ammonia was used to clean the cages, but does it have an aversive quality?

Results:

-Could the authors please provide representative Fos images for some of the key areas that displayed differential expression of Fos, such as the PVN? Also, please indicate using arrows what a typical Fos+ cells looks like.

-Figures 3 and 4:

I believe Fos \'expression\' is what is being measured and not \'activity\' per se. Please change activity to expression.

Figure legends:

-Please indicate the n number for each experiment.

Discussion:

-The authors compare Fos expression between groups of rats that underwent fear context exposure, and there is no Unpaired control group that received shock exposure in an alternate context, and is exposed to a neutral context on test day. As such, it is difficult to parse out the Fos expression that occurs as a result of fear memory recall versus exposure to a non-home cage context, habituation to the training context, etc. The authors do not need to run any additional experiments, but they could mention this caveat in their discussion and suggest the inclusion of these controls in future experiments.

Reviewer \#2: The manuscript by Leon et al reports on the Fos expression pattern in distinct brain areas of Carioca High- and Low-conditioned freezing rats, two breeding lines based on defensive freezing in the contextual fear conditioning paradigm. The hypothalamic paraventricular nucleus appears to be the main region involved in the different pattern of neural activation and inhibition.

The paper is based on the use of an anxiety model began in 2006 and it has been reported by Gomez and Landeira-Fernandez (2008) that after three generations reliable differences between these two lines were already present, indicating a strong heritable component of aversive learning in the contextual fear conditioning paradigm. A weakness of the introduction is the lack of data regarding the construct and predictive validity of this model of anxiety and a comment on this would certainly strenghten the paper.

The experimental procedures are well conducted and results are correctly presented and analyzed. As for the Figures, the authors illustrate the positive cell scores in the different area with a table; representative figures of areas with clear cut differences among lines should be presented in parallel, first of all to illustrate the actual differences among areas, secondly to visibly support the numerical data.

Minor points:

In the Materials and Methods, "primary Fos rabbit polyclonal IgG" should be changed to "rabbit polyclonal primary IgG against Fos".

Reviewer \#3: The study attempts to characterize neural circuits that are different between high and low freezing rats. The authors identify a number of substrates that are different between CHL and control and CFL and control rats. The manuscript is well written, straightforward, and easy to understand what the authors are trying to communicate.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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14 May 2020

RESPONSE TO THE REVIEWERS

Please find a revised manuscript entitled "Distinct patterns of brain Fos expression in Carioca High- and Low-conditioned Freezing Rats\" (Manuscript ID: PONE-D-20-05104). We would like to thank the reviewers for their thorough reading and insightful comments. We include a point-by-point response to the reviewers' concerns. For your convenience in our response we also provide the amended text as it appears in the revised manuscript.

REVIEWER \#1:

We were extremely glad to see that the Reviewer considered that our work "(...) In general, these are interesting findings that shed light on how various limbic brain areas are recruited to control fearful behaviours. The manuscript is clearly written and is easy to follow." The Reviewer also presented some concerns that need to be addressed. Here, we considered more fully all his/her comments.

General:

Please provide page and line numbers. It makes it easier for the reviewer to communicate where certain changes have to be made.

We agree. Page and line numbers were added to the revised version of the manuscript.

Methods:

It says ammonia was used to clean the cages, but does it have an aversive quality?

The referee raises an interesting concern. The concentration of ammonia used to clean the cages was small (5 %) and has been used before by our group and others (Hassan et al., 2003; Macêdo-Souza et al., 2020; Sanders & Fanselow, 2003; Young et al., 1994). Further, we waited for the chamber to be complete dry before testing another animal.

Hassan W, Gomes Vde C, Pinton S, Batista Teixeira da Rocha J, Landeira-Fernandez J. Association between oxidative stress and contextual fear conditioning in Carioca high- and low-conditioned freezing rats. Brain Res., 1512:60-7, 2013.

Macêdo-Souza C, Maisonnette SS, Filgueiras CC, Landeira-Fernandez J, Krahe TE. Cued Fear Conditioning in Carioca High- and Low-Conditioned Freezing Rats. Front Behav Neurosci. 24;13:285, 2020.

Sanders MJ, Fanselow MS. Pre-training prevents context fear conditioning deficits produced by hippocampal NMDA receptor blockade. Neurobiol Learn Mem. 80(2):123-9, 2003.

Young SL, Bohenek DL, Fanselow MS. NMDA processes mediate anterograde amnesia of contextual fear conditioning induced by hippocampal damage: immunization against amnesia by context preexposure. Behav Neurosci., 108(1):19-29, 1994.

Results:

Could the authors please provide representative Fos images for some of the key areas that displayed differential expression of Fos, such as the PVN? Also, please indicate using arrows what a typical Fos+ cells looks like.

The reviewer raises an important concern. We now provide representative photomicrographs of c-Fos expression in different brain regions for each experimental group. Revised version, Figures 4 and 5.

Figures 3 and 4:

I believe Fos \'expression\' is what is being measured and not \'activity\' per se. Please change activity to expression.

The reviewer is correct. However, Figures 3 and 4 were removed from the revised version of the manuscript as per suggestion from another reviewer.

Figure legends:

Please indicate the n number for each experiment.

We thank the reviewer for bringing this matter to our attention. This information has been added to the main text and to the figure legends of the revised manuscript (Methods, pages 4 and 5, lines 118-121; Methods, page 6, last paragraph, line 184).

"We used male adult rats selectively bred for high (CHF, n = 10) and low (CLF, n = 10) contextual fear conditioning according to previously described procedures (Castro-Gomes and Landeira-Fernandez, 2008). Non-selectively bred Wistar rats were used a control group (CTL, n = 12)."

"The system was calibrated to ignore background staining. All brain regions were counted bilaterally (7-12 animals per region), and the mean was calculated for each structure."

"Figure 2. Mean ± SEM percentage of time spent freezing in Carioca high freezing (CHF, n = 10), Carioca low freezing (CLF, n = 10), and control (CTL, n = 12) rats. Graph depicts freezing responses 24 h after exposure to contextual cues that were previously associated with footshocks."

"Figure 3. (A-B) Fos expression in different brain structures of Carioca high freezing (CHF), Carioca low freezing (CLF), and control (CTL) animals after exposure to contextual cues that were previously associated with footshocks (7-12 animals per region per group)..."

"Supplemental Table 1 - Mean (± SEM) number of Fos-positive neurons/0.1 mm2 in control (CTL), high (CHF), and low (CLF) breeding lines of rats in different brain structures after exposure to contextual cues that were previously associated with footshock (7-12 animals per region)."

Discussion:

The authors compare Fos expression between groups of rats that underwent fear context exposure, and there is no Unpaired control group that received shock exposure in an alternate context, and is exposed to a neutral context on test day. As such, it is difficult to parse out the Fos expression that occurs as a result of fear memory recall versus exposure to a non-home cage context, habituation to the training context, etc. The authors do not need to run any additional experiments, but they could mention this caveat in their discussion and suggest the inclusion of these controls in future experiments.

We thank the reviewer for bringing up this important issue to our attention. We now address this issue in the revised version of the discussion (Discussion, pages 9, first paragraph, lines 254-272).

It is also worth to mention that due to the COVID-19 pandemic, non-essential research activities were put on hold and our animal facility is operating in a limited capacity with focus on the health and welfare of the Carioca lines. Furthermore, new experiments would require a substantial number of animals, not only those accounted for new experimental groups, but also for representative samples of each original group. We believe that the addition of such number of animals to the study is not in line with NIH guidelines of animal care (<https://www.ncbi.nlm.nih.gov/books/NBK54045/>).

"Fos expression is well stablished as a marker of neuronal activity (for a review, please see Dampney and Horiuchi, 2003), yet some important issues should be considered when interpreting functional mapping data based on this technique such as sample size, number of comparisons between groups, stimulus strength, time after stimulus, and potential interference from other intrinsic factors, like physiological noise (Bullitt et al., 1992; Chamberlin and Saper, 1994; French et al., 2001; Guzowski et al., 2006; He et al., 2018; Lima and Avelino, 1994; Nakamura and Morrison, 2010; Saleh and Connell, 1998). Another issue worth mentioning relates to the fact that, in the current study, comparisons in Fox expression were not made to Fos-expression levels observed in animals exposed to a new context and/or to naïve animals. Although these would be valuable additions, taking into account the already stated factors that should be weighted when conducting Fos immunoreactivity, we opted to only use, as a control group, animals that were exposed to the same Fos triggering stimulus (i.e. behavioral response to contextual cues previously associated with footshocks). Moreover, along this line of thought, CHF and CLF samples were from rats that had clear and similar levels of high and low freezing responses, respectively (please see ± SE of freezing percentage in Figure 2). In any case, this study is an initial step towards characterizing neural activity changes across multiple brain regions of the Carioca lines in response to contextual fear memories. Future studies are needed to further explore this relationship using Fos immunochemistry, as well as other techniques commonly applied to study neuronal activity."

REVIEWER \#2

We were thankful for his/her insightful comments and for the fact that "(...) The experimental procedures are well conducted and results are correctly presented and analyzed." However, the reviewer also presented some concerns that need to be addressed.

Major:

A weakness of the introduction is the lack of data regarding the construct and predictive validity of this model of anxiety and a comment on this would certainly strengthen the paper.

We agree. Our paper lacked a characterization of the Carioca lines regarding its construct and predictive validity as a model of anxiety. The introduction has been revised to include this information (Introduction, pages 3 and 4, lines 79-102).

"Over the last decade, several works have established the Carioca lines as an animal model for the study of anxiety related disorders. For instance, CHF rats display more anxious like behaviors than CLF rats in the elevated plus maze, less social interactions than normal animals, and higher plasma corticosterone concentrations compared to both CLF and CTL animals (Dias et al., 2009; Mousovich-Neto et al., 2015; Salviano et al., 2014). On the other hand, no behavioral differences were found between CHF and CLF animals in the forced swim test (Dias et al., 2009), suggesting a dissociation between anxiety and depression traits in the Carioca lines. Moreover, cognitive and memory performance of CHF and CLF rats both in the object recognition task and the Morris water maze test were similar to normal animals (Dias et al., 2009; Dias et al., 2014)."

"The freezing response to contextual cues previously associated with footshocks observed in the Carioca lines has also been pharmacologically validated as an adequate model of anxiety disorders. We have recently demonstrated that classic anxiolytic benzodiazepines, such as midazolam reduces the amount of conditioned contextual freezing responses of CHF rats (Cavaliere et al., 2020). Similar results were observed with non-benzodiazepine anxiolytics, microinjections of ketaserin, a 5-HT2A/2C receptor antagonist, in the infralimbic mPFC cortex reduced the amount of freezing responses of CHF rats in the contextual fear conditioning paradigm (León et al., 2017). Moreover, both systemic and infralimbic cortical injections of ketanserin increased the number of open arm entries and time spent in the open arms of CHF animals in the elevated plus maze (León et al., 2017)."

"According to these behavioral and pharmacological findings, it is likely that CHF and CLF rats display different neural activity patterns in response to contextual cues previously associated with footshocks. One way to explore this possibility is to evaluate changes in Fos expression in specific brain regions."

As for the Figures, the authors illustrate the positive cell scores in the different area with a table; representative figures of areas with clear cut differences among lines should be presented in parallel, first of all to illustrate the actual differences among areas, secondly to visibly support the numerical data.

We agree with the reviewer. We now provide representative photomicrographs of c-Fos expression in different brain regions for each experimental group. Revised version, Figures 4 and 5.

Minor:

In the Materials and Methods, "primary Fos rabbit polyclonal IgG" should be changed to "rabbit polyclonal primary IgG against Fos".

The reviewer is correct. We have modified the manuscript accordingly (Methods, page 6, first paragraph, lines 169-170).

RIVEWER \#3

We were pleased that this reviewer indicated that "(...) The manuscript is well written, straightforward, and easy to understand what the authors are trying to communicate." However, he/she also indicated that some issues in still need clarification. We have addressed in the revised manuscript each of these issues, as described below:

Major concerns:

1\. The strain of rat that is used for CHL and CFL is never mentioned.

The reviewer raises an important concern. We now state in the revised version of the manuscript that CHF, CLF and control animals are from the Wistar strain (Methods, pages 4 and 5, lines 118-121).

"We used male adult rats selectively bred for high (CHF, n = 10) and low (CLF, n = 10) contextual fear conditioning according to previously described procedures (Castro-Gomes and Landeira-Fernandez, 2008). Non-selectively bred Wistar rats were used as a control group (CTL, n = 12)."

2\. In the abstract and Introduction the authors need to make it clear that they are examining c-Fos expression in response to contextual fear conditioning. To this end the authors should have a group of rats that were never conditioned or represent baseline differences. How sure are the authors that levels of c-Fos observed do not represent basal differences between the groups of animals?

The referee raises an important concern. While we agree that the inclusion of the suggested control groups could improve and strengthen the conclusions of our work, based on the reasons listed below we respectfully decided against carrying out new experiments.

Different from knockout and knock-in animals, every generation of both Carioca lines exhibit a wider degree of behavioral-phenotype variability (i.e. CHF animals that do not show high levels of freezing and CLF ones that freeze). Thus, and acknowledging that many factors contribute to data variability regarding expression of early genes (Dampney and Horiuchi, 2003), we opted to use only CHF and CLF animals with respectively high and low levels of freezing behavior (please see ± SE of freezing percentage in Figure 2). By doing so, we believe we are minimizing within group variability. Unfortunately, the same is not true when using naïve animals. Add to this, the fact that Fos expression is known to be influenced by factors such as stimulus strength, time, and physiological functions (French et al., 2001; Guzowski et al., 2006; He et al., 2018; Bullitt et al., 1992; Lima and Avelino, 1994; Chamberlin and Saper, 1994; Nakamura and Morrison, 2010; Saleh and Connell, 1998). Therefore, one can predict that naive animals would present a greater within group variability compared to CHF, CLF, and CTL animals selected by their freezing response to contextual cues previously associated to footshocks. One measure to minimize this issue would be to increase the number of animals in naïve experimental groups. However, as mentioned below, we have some restrictions concerning this approach. Another option, would be to use, as controls, animals that were randomly bred irrespective of their freezing behavior and were exposed to the same Fos triggering stimulus (i.e. behavioral response to contextual cues previously associated with footshocks -- CTL group.

Last but not least, our research activities were put on hold due to the COVID-19 pandemic. Our animal facility is operating in a limited capacity with focus on the health and welfare of the Carioca lines. Furthermore, conducting extra experiments would require, not only animals to perform the suggested experiments, but also representative samples of animals for the original experimental groups. In our estimates, that would account for as many as or more animals than we have already used, which one might argue that is not in consonance with the NIH guidelines of animal care (<https://www.ncbi.nlm.nih.gov/books/NBK54045/>).

Nonetheless, regardless limitations and issues, we agree with the reviewer that the inclusion of naive animals would have been of great value. As suggested by another reviewer, we now stress out some of the aforementioned points in the discussion of the revised manuscript (Discussion, pages 9, first paragraph, lines 254-272).

"Fos expression is well stablished as a marker of neuronal activity (for a review, please see Dampney and Horiuchi, 2003), yet some important issues should be considered when interpreting functional mapping data based on this technique such as sample size, number of comparisons between groups, stimulus strength, time after stimulus, and potential interference from other intrinsic factors, like physiological noise (Bullitt et al., 1992; Chamberlin and Saper, 1994; French et al., 2001; Guzowski et al., 2006; He et al., 2018; Lima and Avelino, 1994; Nakamura and Morrison, 2010; Saleh and Connell, 1998). Another issue worth mentioning relates to the fact that, in the current study, comparisons in Fox expression were not made to Fos-expression levels observed in animals exposed to a new context and/or to naïve animals. Although these would be valuable additions, taking into account the already stated factors that should be weighted when conducting Fos immunoreactivity, we opted to only use, as a control group, animals that were exposed to the same Fos triggering stimulus (i.e. behavioral response to contextual cues previously associated with footshocks). Moreover, along this line of thought, CHF and CLF samples were from rats that had clear and similar levels of high and low freezing responses, respectively (please see ± SE of freezing percentage in Figure 2). In any case, this study is an initial step towards characterizing neural activity changes across multiple brain regions of the Carioca lines in response to contextual fear memories. Future studies are needed to further explore this relationship using Fos immunochemistry, as well as other techniques commonly applied to study neuronal activity."

Bullitt E, Lee CL, Light AR, Willcockson H. The effect of stimulus duration on noxious-stimulus induced c-fos expression in the rodent spinal cord. Brain Res. 1992 May 15;580(1-2):172-9.

Chamberlin NL, Saper CB. Topographic organization of respiratory responses to glutamate microstimulation of the parabrachial nucleus in the rat. J Neurosci 1994;14:6500--10.

Dampney, RAL and Horiuchi J. Functional organization of central cardiovascular pathways: studies using c-fos gene expression. Progress in Neurobiology 71 (2003) 359--384.

French P, O\'Connor V, Jones M, Davis S, Errington M, Voss K, et al. Subfield‐specific immediate early gene expression associated with hippocampal long‐term potentiation in vivo. Eur J Neurosci. 2001; 13: 968-976.

Guzowski JF, Miyashita T, Chawla MK, Sanderson J, Maes LI, Houston FP, et al. Recent behavioral history modifies coupling between cell activity and Arc gene transcription in hippocampal CA1 neurons. Proc Natl Acad Sci U S A. 2006; 103: 1077-1082.

He Q, Wang J, Hu H. Illuminating the activated brain: Emerging activity-dependent tools to capture and control functional neural circuits. Neurosci Bull. 2018: 1-9.

Lima D, Avelino A. Spinal c-fos expression is differentially induced by brief or persistent noxious stimulation. Neuroreport. 1994 Oct 3;5(15):1853-6.

Nakamura K, Morrison SF. A thermosensory pathway mediating heat-defense responses. Proc Natl Acad Sci U S A 2010;107:8848--53.

Saleh TM, Connell BJ. The parabrachial nucleus mediates the decreased cardiac baroreflex sensitivity observed following short-term visceral afferent activation. Neuroscience 1998;87:135--46.

3\. An image of the c-Fos immunohistochemistry needs to be provided

The reviewer is correct. We now provide representative photomicrographs of c-Fos expression in different brain regions for each experimental group. Revised version, Figures 4 and 5.

4\. The authors do not have enough information to make a model about connectivity between brain regions (e.g. Figures 3 and 4). These figures should be excluded.

We agree with the referee and Figures 3 and 4 from the original version of the manuscript were removed.

5\. The information presented in the table should be presented in a graph format. This makes it easier to assess the findings.

We thank the reviewer for bringing this matter to our attention. We now present the results depicted in Table 1 in a graph format (new Figure 3). Data from Table 1 sill available as supplemental material.

6\. Discussion is too long and needs to be tempered. The nature of the results (e.g. no difference in Fos in amygdala brain regions between groups of animals) does not allow for strong statements about the role of these brain regions in trait anxiety.

We thank the reviewer for bringing this matter to our attention. The discussion of the revised version has been tempered in line with the referee suggestion. Moreover, we believe that the removal of original Figures 3 and 4, as per suggestion of this same reviewer, helped to tone down the discussion of the revised version of the manuscript.

The following section was removed:

"Importantly, other brain structures that are involved in contextual fear conditioning, such as the PAG and the amygdaloid complex (Canteras et al., 2010; Fanselow, 1994; Kim et al., 2013; Kim and Jung, 2006; Misslin, 2003), did not present any differences in CHF animals compared to CTL or CLF animals. These findings are in agreement with previous results from our group indicating that amygdaloid lesions proportionally reduced the level of contextual fear conditioning in both CHF and CTL animals, thus strengthening the idea that this structure, that is related to fear conditioning, does not play an important role in high trait anxiety-like behavior in CHF animals (Castro-Gomes and Landeira-Fernandez, 2008). Moreover, these results converge with the findings of other studies that employed two breeding lines of rats that were selected based on high (LAB) and low (HAB) open-arm entries in the elevated plus maze (Kalisch et al., 2004; Salomé et al., 2004). HAB and LAB animals did not present any differences in Fos expression in the amygdala or PAG when the animals were exposed to different aversive situations (Salomé et al., 2004)."

7\. The PL is critical for expression of fear, but most people would not propose that the PL is critical for acquisition of fear memory. Not sure if the citations the authors are providing for this in the Discussion supports this statement.

We apologized for the mistake. We now provide new references supporting our statements. The following references were included in the revised version of the manuscript:

Gilmartin MR, Kwapis JL, Helmstetter FJ. Trace and contextual fear conditioning are impaired following unilateral microinjection of muscimol in the ventral hippocampus or amygdala, but not the medial prefrontal cortex. Neurobiol Learn Mem. 2012 May;97(4):452-64.

Han CJ, O\'Tuathaigh CM, van Trigt L, Quinn JJ, Fanselow MS, Mongeau R, Koch C, Anderson DJ. Trace but not delay fear conditioning requires attention and the anterior cingulate cortex. Proc Natl Acad Sci U S A. 2003 Oct 28;100(22):13087-92.

Robinson-Drummer PA, Heroux NA, Stanton ME. Antagonism of muscarinic acetylcholine receptors in medial prefrontal cortex disrupts the context preexposure facilitation effect. Neurobiol Learn Mem. 2017 Sep;143:27-35.

Twining RC, Lepak K, Kirry AJ, Gilmartin MR. Ventral Hippocampal Input to the Prelimbic Cortex Dissociates the Context from the Cue Association in Trace Fear Memory. J Neurosci. 2020 Apr 15;40(16):3217-3230.

Yang ST, Shi Y, Wang Q, Peng JY, Li BM. Neuronal representation of working memory in the medial prefrontal cortex of rats. Mol Brain. 2014 Aug 28;7:61.

And the following references were removed:

Giustino TF, Maren S (2015) The role of the medial prefrontal cortex in the conditioning and extinction of fear. Front Behav Neurosci 9:298.

Maren S, Phan KL, Liberzon I (2013) The contextual brain: implications for fear conditioning, extinction and psychopathology. Nat Rev Neurosci 14:417-428.

Sotres-Bayon F, Quirk GJ (2010) Prefrontal control of fear: more than just extinction. Curr Opin Neurobiol 20:231-235.

Minor concerns:

1\. Some references from the Blanchards, Lang, and Davis are missing.

We thank the reviewer for bringing issue to our attention. The following references were included in the revised version of the manuscript:

Blanchard DC, Griebel G, Pobbe R, Blanchard RJ. (2011). Risk assessment as an evolved threat detection and analysis process. Neurosci Biobehav Rev. 35:991-998.

Blanchard DC, Hynd AL, Minke KA, Minemoto T, Blanchard RJ (2001) Human defensive behaviors to threat scenarios show parallels to fear- and anxiety-related defense patterns of non-human mammals. Neurosci Biobehav Rev. 25(7-8):761-70.

Lang PJ, Davis M, Ohman A. (2000). Fear and anxiety: animal models and human cognitive psychophysiology J Affect Disord. 61: 137-59.

2\. Better introduction as to why contextual fear conditioning is a good model of anxiety is needed.

The reviewer raises an important point. This information was included in the introduction of the revised version of the manuscript together with the construct and predictive validity of the Carioca lines as a model of anxiety (Introduction, pages 3, second paragraph, lines 64-74; Introduction, pages 3 and 4, lines 79-102).

"Several rodent models have been developed to investigate the possible etiological mechanisms that underlie anxiety disorders (Haller and Alicki, 2012; Steimer, 2011). Among these, fear conditioning in response to contextual cues is a well-studied experimental model of the aversive expectations of danger that are observed in patients suffering from generalized anxiety disorder (Blanchard et al., 2001; Galvão et al., 2011). Furthermore, considerable evidence indicates that contextual fear conditioning in rats involves neural circuitries similar to that associated with anxiety disorders in humans (Indovina et al., 2011; Kim and Fanselow, 1992; LeDoux, 2000). In this model, rodents receive brief footshocks (unconditioned stimuli) minutes after being placed in a novel chamber, and, when returned to the same chamber 24 h later, they present a typical freezing response to contextual cues associated with the footshocks (González et al., 2003; Landeira-Fernandez, 1996)."

"Over the last decade, several works have established the Carioca lines as an animal model for the study of anxiety related disorders. For instance, CHF rats display more anxious like behaviors than CLF rats in the elevated plus maze, less social interactions than normal animals, and higher plasma corticosterone concentrations compared to both CLF and CTL animals (Dias et al., 2009; Mousovich-Neto et al., 2015; Salviano et al., 2014). On the other hand, no behavioral differences were found between CHF and CLF animals in the forced swim test (Dias et al., 2009), suggesting a dissociation between anxiety and depression traits in the Carioca lines. Moreover, cognitive and memory performance of CHF and CLF rats both in the object recognition task and the Morris water maze test were similar to normal animals (Dias et al., 2009; Dias et al., 2014)."

"The freezing response to contextual cues previously associated with footshocks observed in the Carioca lines has also been pharmacologically validated as an adequate model of anxiety disorders. We have recently demonstrated that classic anxiolytic benzodiazepines, such as midazolam reduces the amount of conditioned contextual freezing responses of CHF rats (Cavaliere et al., 2020). Similar results were observed with non-benzodiazepine anxiolytics, microinjections of ketaserin, a 5-HT2A/2C receptor antagonist, in the infralimbic mPFC cortex reduced the amount of freezing responses of CHF rats in the contextual fear conditioning paradigm (León et al., 2017). Moreover, both systemic and infralimbic cortical injections of ketanserin increased the number of open arm entries and time spent in the open arms of CHF animals in the elevated plus maze (León et al., 2017)."

"According to these behavioral and pharmacological findings, it is likely that CHF and CLF rats display different neural activity patterns in response to contextual cues previously associated with footshocks. One way to explore this possibility is to evaluate changes in Fos expression in specific brain regions."
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Dear Dr. Landeira-Fernandez,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.
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Please address the concern of the reviewer, considering the potential problem of background illumination in obtaining the the photos of immunostaining.  

==============================

Please submit your revised manuscript by Jul 18 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.
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If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>
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1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.
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2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.
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3\. Has the statistical analysis been performed appropriately and rigorously?
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4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.
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Reviewer \#1: The authors have addressed the reviewer comments adequately and the manuscript has greatly improved. I am satisfied with the revisions.

Reviewer \#2: The paper has been greatly improved. The added photomicrographs fill the necessary morphological gap to document the results. The c-fos immunoreaction is fine and nuclei are clearly distinguishable, however I have a concern regarding the background illumination that greatly penalize the immunostaining; some of the photos are gloomy with inhomogenous illumination. Authors should consider to replate the photographs once they have an adequate illumination.
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